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ABSTRACT 

Analysis of the -lab I1 I4553 Experiment samples resulted i n  the 

hypothesis that the reduced gravity envlrorarent vas altering the meltitig 

a d  solidif'ication reactions. The present theoretical study vas conducted 

t o  define the conditions under which such alteration of phase relations i s  

feasible, determine whether it is restricted t o  space processing, ad, i f  so, 

ascertain which alloy systems or phase reactions are most likely t o  demon- 

s trate  such effects. 

This memorandum considers phase equilibria of unary and binary systems 

with a single solid phase (-ammy and isomorphous). Subsequent investigations 

w i l l  deal with more complex systems, which w i l l  be described i n  our Part 2 

~ ~ u m .  
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LIST OF SYMBOLS 

g - gravitat ional  l eve l  

m - mass 

Pt - t o t a l  local  pressure 

Ph - hydrostatic pressure 

P - surface tension pressure 
Y 

Pe - environmental pressure 

ptv 
- t o t a l  local  pressure i n  a vacuum 

6 - specific weig. t 

h - neight of l iquid above the point of in te res t  

y - surface tension 

Ro - maximum sphere radius 

R - radius from sphere center t o  point of in te res t  (cm) 

0 - see Fig. 4 

e - solid/liquid contact angle (degrees) 

T - temperature (K) 

AHf - enthalpy of fusion 

AVf - volume change of f i s ion  

T - temperature a t  the vaporization point 
VP (K) 

dT - temperature change (K) 

%I - l iquid  two 

- solid r ich  i n  component A 

B - solid r i ch  i n  component B 

G - gas 

L~~~ - l iquid  three 

Q - t r i p l e  point 

H - quadruple point 
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LIST OF SYMBOLS (continued) 

GL - gas-liquid equilibrium curve 

G ~ ,  Gp - gas-solid equilibrium curve 

Lu, L$ - liquid-solid equilibrium c - ~ v e  

P- T-X - pressure-temperature-composition diagram 

T-X - temperature-composition ( isobaric)  section 

P- T - pressure-temperature projection 

Pl - t o t a l  interAml pressure a t  one-g (m Hg) 

- t o t a l  in ternal  pressure a t  zero-g (m a) 
P 
'?A 

- pressure a t  the t r i p l e  point of A (m Hg) 

T~ - temperature a t  the melting point of A (K) 

T~ 
- melting point at the t r i p l e  point of A (K) 

T1 
- temperature a t  one-g 

To 
- temperature a t  zero-g 

APa - pressure reduction, for  case a,  on going isotnermally from one-g 

t o  low-g 

APb - pressure reduction, for  case b, on going isothermally from one-g 

t o  low-g 

ATa - temperature increment between t e s t  temperature and G;LA curve for 

case a 

- temperature increment between t e s t  temperature and GLA curve for  

case b 

Cm - l iquid/l iquid c r i t i c a l  point a t  min imum temper%ture, maximum 

pressure 

C - l iquidl l iquid  c r i t i c a l  point a t  maxim temperature, minimum 
P 

pressure 

"flexing" - Maxima or minima i n  GLu l ines  i n  P-T space 



There i s  l i t t l e  doubt t n a t  explorat ion of the  o r b i t a l  low-g environment 

w i l l  l ead  t o  new products. Past experience has shown t h a t  every new working 

environment t h a t  has been discovered and explored has resu l ted  i n  new products 

based on the  new technology. A t  the  time a new environment i s  discovered o r  

becomes readi ly  accessible ,  inves t iga tors  usua l ly  f i n d  it d i f f i c u l t  t o  pred ic t  

the  kinds of products t h a t  w i l l  eventually r e s u l t .  This i s  becsllsf: t>i 

environment has not been f i l l y  s?zr&cterized, i n v ~ s t i g a t o r s  have not experi-  

enced it first hand, nor have tne  processes of research, development, and. 

p i lo t -p lan t  operat icns ye t  matured. Most usef'ul products stem f r~n :  t-his 

sequence r a the r  than  f'rom s t r i c t l y  t h e o r e t i c a l  considerations.  

On t h e  bas i s  of our f i rs t -hand experience with Skylab I1 experiments, we 

have character ized the low-g environment i n  terms of the  phase reac t ions  and 

phase diagrams f'undamental t o  a l l  mater ia l s  processing, and we an t i c ipa t e  

i m d i a t e  benef i t s  t o  s c i e n t i s t s  intending t o  work with the  low-g environment. 

This memorandum summarizes our ana lys is  of  a l t e r e d  phase e q u i l i b r i a  i n  

low-g f o r  simple systems. A subsequent memorandum (Part 2 )  w i l l  complete t h e  

phase diagram analys is  f o r  more complex systems and consider p o t e n t i a l  appl i -  

cat ions t o  processes and products. 



ANALYTICAL RESULTS AND DISCUSSION 

BACKGROUND I 
The Skylab I1 : I553 Containerless Melting and Sol idj  f icatinr! E.qeriiii~iii 

revealed macroscopic d i s t o r t i o n s  i n  some of the  o r b i t a l l y  processed samples I 
(Fig, l ) ,  whereas s imi la r ly  processed samples of d i f f e r en t  composition 

exhibi ted the  an t ic ipa ted  ( ~ e f .  1) high degree of spherical  symmetry ( ~ i g .  2 ) .  

Ground base t e s t  (one-g) samples were of necessi ty  processed i n  a s e s s i l e  

I 
configuration and, a s  shown i n  Fig. 3,  demonstrated an asymmetry p a r t l y  r e s u l t -  I 
ing from the  g rav i t a t i ona l  body force,  mg. Another contr ibut ion t o  t h i s  

asymmetry i s  the  increasing i n t e r n a l  pressure of t h e  l i q u i d  a t  increasing deptn 

a s  a r e s u l t  of t he  g rav i t a t i ona l ly  dependent hydrostat ic  pressure head. None 
I 

of the ground base processed samples, however, exhibi ted macroscopic d i s t o r t i o n s  

( ~ e f .  2 )  comparable t o  t h a t  shown i n  Fig. 1. 

It has been proposed t h a t  t he  macroscopic d i s t o r t i o n  ( ~ e f .  2 )  demonstrated 

by some of t he  Skylab I1 M553 processed materials was due t o  cav i t a t i ve  reac t ions  

t h a t  occurred i n  low-g because of the ax~preciable reduct ion i n  t h e  i n t e r n a l  

pressure of t he  meta l l ic  l i qu ids .  Since only some of the  Skylab I1 processed 

samples had voids, one possible  explanati.on i s  t h a t  cav i t a t i on  i s  composition 

dependent. Other explanations include dependence on thermal h i s to ry ,  geometry, 

or  type of metal lurgical  phase react ion.  A l l  these p o s s i b i l i t i e s  are examined 

fur ther .  

INTERNAL PRESSURE OF LIQUIDS 

The t o t a l  loc-, pressure (P ) within a column o r  drop of l i q u i d  i s  equal  t 
t o  t h e  summation of t he  hydros ta t ic  pressure (P  ), the  surface tens ion  pressure h 
(P ), and the  enviromiental Fressure (P ) a s  given by: 

Y e 

P t = P  + P  + P  
h y e  



FiF.. 1 Fizlcrophr,tor,ra~~~?i of S k y i a b  11, 
M553, Sample 1.13, 141-1 Ag ( 1 5 ~ )  



I f  only vacuum processing i n  low-g i s  considered, then the  environmental 

pressure term i s  insignificant re la t ive  t o  the other terms, and the t o t a l  

local  pressure (ptV) a t  any point i n  a l iquid i s :  

(1n t h i s  treatment and what follows we do not consider the effect  of any 

externally applied f ie lds .  ) 

The local  hydrostatic pressure ( P ~ )  i n  a liquid i s  given by: 

where 

6 i s  the specific weight of the liquid, g i s  the gravity level ,  and 

h i s  the height of l iquid  above the point of in teres t .  

For a spherical geometry, P i s  directly proportional t o  the surface 
Y 

tension (y) of the l iquid  a t  the temperature of in te res t  and inversely 

proportional t o  the radius of' the sphere ( R ~ )  as shown by 

'Ihus, the t o t a l  in ternal  pressure of the drop i s  given by: 

Since the geometry of the M553 specimens was intended t o  be spherical, 

or a sessi le configuration which i s  ideally a truncate3 sphere, we calculate 

; for  a spherical drop of radius Roe The geometrical considerations are t v  
shown i n  Fig. 4. 



~ i g .  3 Ground Rase Prscessed Sample,  Yi-12Sn ( 1 5 ~ )  

A - ARBITARY POINT 
OF lNf E REST 

HEIGHT ABOVE X, 2 PLANE 
MAXIMUM RADIUS OF THE SPHERE 
RADIUS TO POINT OF INTEREST FROM 
THE ORIGIN 

HEIGHT OF LIQU1D ABOVE WE mlm 
GF INTEREST. INTHE G R A V I ~ A T ~ ~ N A L  
Dl RECTION 

PROJECT10N OF R IN THE X, Z C U N f  
ANGLE BETWEEN THE Y AXIS AND 
f H; FRuIUS R 

ANGLE BETWEEN TME X AXIS AND 
THE PROJECT10N OF FI IN THE X, Z 
PLANE 

OMGINAD PAGE fS 
OF POOR QUALITY, 

NOTE: tt INDEPENDENT OF a BECAUSE OF THE ROTATIONAL SYMMETAI A B W T  THE Y AXIS. 
GRAVITY IS IN THE NEGATIVE Y 01 RECT10N. 

F i g .  4 Arbitrary P o i n t  o f  interes;, A ,  Shown in a Spherical  Drop 
of Radius R , -  



To determine the c t ~ n g e  i n  in ternal  pressure of the drop wlth g, it i s  

necessary t o  consider how both Ph and P vary with drop size and g. For the 
Y 

hydrostatic term, h w i l l  vary with location within the spherical volume, as  

shown i n  Fig. 4. This variation is  derived i n  the Appendix and i s  given by: 

3 
h = [R: - R2 cos2 (go-@)] - R s i n  (90-m) 

where : 

Ro = Maximum 'Radius of Sphere 

R = Radius t o  Point of Interes t  

@ = Angle between the Y axis (-g direction) and R 

Consequently, Ph i s  a complex term which varies within the drop. 

Pressure head distributions across spheres are shuwn i n  Fig. 5 for  both 

the minimal wetting (0 = 90') and maximum nonwetting (0 = 180') coaditiona. 

The pressure head remains quite high throughout the bulb of tne  drop a t  these 

high contact angles and diminishes t o  low levels only close 50 the surface of 

the sphere. This fact  and the selection of nonwetting sess i le  ~ ~ ~ e s t a l s  

serve t o  support the subsequent usage of a hydrostatic head equal t o  twice 

the sphere radiw, Ro. This resul ts  i n  a maximum value of the b d r o s t a t i c  

pressure te7:m being u t i l i zed  throughout. I n  a typical  low-g environment, 
-4 g = 10 g earth, and the hydrostatic term becomes vanishirgly small. 

This variation of the terms of the summation i s  shown i n  Fig. 6 fo r  a 

range of surface tension (Y),  specific weight (6), and radius ( R ~ ) .  These 

values are representative of almost the ent i re  spectrum of metallic and 

organic liquids. The sample sizes are consistent with space processing 

capabil i t ies.  . 
Table 1 (from Ref. 3) gives values of 6 and Y for  some typical  materials, 

which are of potential  importance t o  space processing. Considerable scatter 

exis ts  i n  published surface tensicn values, perhaps because 1% impurity levels 

can appreciably lower the  surface tension of pure elements. 



Fig. 5 Variation of Normalized Pressure Head k i t h i n  Spherical Droplez 
of Radius Ro 



lo-" i 

p ig .  6 v a ~ i a t i o n  of Maximum Hydrostati~ Pressure and Surface Tension - - 
(R ) ,  Density (6), pressure as a Function of Specimen Radius 

and Surface Tension ( Y )  
- * 

- .  
. . 



TABLE 1 SELECTED VAIUES OF SPECIFIC WEIGHT (6) AND SURFACE 

TENSION (y ) FROM REF. 3 

Figure 6 shows that surface tension pressure decreases with size, whereas 

the maxirmun bdros ta t ic  pressure increases. Selecting a specific weight of 9.0 

g / c g  as representative of the materials processed i n  the M553 experiment, we 

see i n  Fig. 7 the dramatic impact of gravity level upon the Wdrostatic 

pressure term. 

Material 

Ni 

Fe 

Cu 

Si 

Ge 

GaAs 

InSb 

Al 

~a 

Benzene 

Napthalene 

Terrestrially, i n  one-g vacuum processing, Ph i s  the dominant term for 

all but the smallest of samples; however, as the gravity level i s  reduced t o  
-4 a r e a h s t i c  orbi ta l  level of 10 g, it becomes considerably smaller than the 

~ a r f a c e  tension pressures of virtually all metallic liquids (200< y < 2000 e). 
In Figs. 8-10 we have plotted the internal pressure as a mnction of specimen 

radius for three materials of different surface tension and specific weight. 

In  one-g the two terms of the summation compensate for one another as  the size 

* A t  the melting point 
+ 

Specific Weight (6) 

g/Cm3 

8-90 
7.87 
8-96 

2.5 

' 5.6 

5 *7 
6.7 
2.70 
0.81 

1.9 

0.9 
0.98 

Surface Tension ( 6 )  

dyne/cm* 

2100 

1880 

1300 
720 

I 650 

530 
440 

500 

202 

73 

29 

29 



I.. - . 

changes; thus, the in ternal  pressure does not vary greatly over a wide s ize  

range and i s  usually assumed constant i n  materials processing ( ~ e f .  4). How- _ ,  i 

ever, for vacuum processing of materials i n  low-g, it i s  reasonable t o  expect s a 

that  the in ternal  pressure w i l l  drop t o  approximately the value of the surface 

tension pressme a t  or belar and t h i s  resul t  i s  an important consideration . , ' . -  

i n  the planning of a w  low-g experiments. The two t o  three orders of magnitude - -  I 

reduction i n  in ternal  pressure for moderate sized samples processed i n  low-g 
* * .  

will bring the t o t a l  in ternal  pressure of a drop t o  t o  10'lmn Hg. Having + ,  ~ 
I - - 

established the pressure reduction and magnitude of in ternal  pressure i n  a r 
2 "  . b molten metallic drop i n  a vacuum i n  low-g, we will n&xt consider the e f fec t s  on 

plmse reactions. - .  
m .  

PHASE FELA!FIONS 
- .  

A 100.to 1000-fold reduction i n  in ternal  pressure has l i t t l e  e f fec t  on - .  
solid-liquid t ransi t ions  as  shown by the Clausius-Clapeyrc ,I equation: 

- .  

where 

P = pressure (atm) 

T = temperature (K) a .  

AHf = enthalpy of fusion (cal/g-atom) - .  

3 AV* = volume change of fusion (cm /g-atom) 

For a typical  metal sample, a pressure change ( d ~ )  of 1000 mm Hg would only 

change the melting point ( d ~ )  by 0.01K because of the small. volume change 

(AV) on raelting. This i s  clearly insignificant  i n  a 3 l  pract ical  applications. 

However, the same pressure change would cause a temperature change dT' Z 0.1T 
VP 

a t  the vaporization point (T ) of a metal because of the large AV associated 
VP 

d t h  vaporization. For high or intermediate melting point materials t h i s  dT' 

might be several hundred degrees and i s  obviously an appreciable consideration. 

Even an organic system with a boiling point of 300K might have a temperature 

sh i f t  i n  vapor-liquid equi l ibr ia  of 30K. 



I. -- MAX HYDROSTATIC PRESSURE - SURFACE TENSION PRESSURE 

to' - 

- L O  10% 
lo-' - --- 

7 = 50 enrlcm 

i -c 

Fig. 7 Variation of Maximum Hydrostatic Pressure and Surface Tension - Pressure as a Function of Specimen Radius (R,), Surface Tension 
1 (y), and Gravity Level (G) for a Material with a Specific 

Weight ( 8 ) .  .I 

10"- 

0 
0. 

/ 
/ 
/ 

6 = Wcm' 



Fig. 8 \ariat ion of Interra1 Pressure Sumwtion (Ph+Py) as a Function of Specimen 

Radius (Rp)and dravity Level (g) at Constant Specific Weight ( 6 )  and Surface 

Tension ( y ) . 



'I- 
1 o* 1 1 1 1 / 1 1  t l l l l ,  

4 5 6 7 8 9 10 

Ro 

Fig* 9 variation Of' Internal Pressure Summation (p +p 
h Y as a Function 

P C  Radius (bj and Gravity Level g gt Constant 
Weight (6) and Surfpce Tension (I). 



'Fig. 10 Variation of Internal Pressure Summation (P +P ) as a Function 
h Y 

of Specimen Radius (Ro)and Gravity Level (g) at Constant 

Specific Weight (6) and Surface Tension (y). 



The preceding discussion strongly suggests that  solid/liqilid/vapor and 

liquid/liquid/vapor rather than liquid/solid equi l ibr ia  involve substantial  

differences when vacuum processing materials i n  low-g. Although this may 

seem t o  be an added complexity, it i s  real ly  of fundamental importance and a 

great opportunity. Tel r e s t r i a l l y  , we define sol id i f icat ion morphologies 

through control of only s ix  solidificatiorr reactions (congruent, isomorphous, 

eutectic,  monotectic, per i tec t ic  and syntectic). They are 'the only ones 

available t o  the metallurgist and involve only solid/liquid equil ibria.  In  

space we can consider controlled soUd/liquid/vapor and liquid/liquid/vapor 

processing, which expands the number of controllable solidif ication reactions 

from 6 t o  26. Twenty four are l i s t e d  i n  Tables 2 and 3 by reaction type, the  

other two being congruent and isomorphous reactions. Although some of these 

reactions on close inspection would appear t o  be unlikely t o  occur, there i s  

no questiori that  the number of controllable reactions that  are orbi ta l ly  a,:dl- 

able t o  the  metallurgist i s  substantially increased. The significance of this 

i s  that  i n  one-g each controllable sol id i f icat ion reaction available t o  the 

metallurgist has proven t o  be both useful and of great commercial value. 

I f  all of the previously considered phase reactions occur i n  absolute 

preszure ranges well below those that  we can reasonably expect t o  a t t a i n  i n  

orbi t  ( i . . ,  10-I t o  lo-* mm Hg) ,  then f'urther detailed consideration i s  

pointless. Clearly, the onset of solid/liquid/vapor effects  w i l l  occur most 

readily i n  the vic ini ty  of the t r i p l e  points of one or more of the constituent 

element(s), or within al loy systems where one or more of the constituent 

elements has a high vapor pressure a t  i t s  melting point. I n  metal systems the 

t r i p l e  point temperature and melting point temperatures are effectively the sanre 

b. .-ause of the nearly in f in i t e  slope of the solid/l iquid curve. Thus, we m s t  

f i ~ s t  consider which elements or congruent melting compounds have vapor pressures 
-2 of id1 tc 10 m Hg or above a t  t he i r  melting points. Table 4 l i s t s  the vapor 

pressures of elements that  qualify i n  t h i s  respect. The number of elements i s  

c:.early substantial,  and the number of binary or ternary combinations involving 

these elements singly or i n  combination i s  vi r tual ly  Urnitless. Space processing 

thus offers  a substantial number of new reactions t o  the metallurgist i n  v i r tua l ly  

a l imi t less  number of metallic systems. We will now consider each binary reaction 

separately. 



TABLE 2 BINARY EUTECTIC TYPE REACTIONS 

h t e c t i c  

Monotectic 

TABLE 3 BINARY PEFUTECTTC TYPE REAC?TONS 

Per i tec t ic  

Syntectic 



TABLE 4 VAWR PRESSURES OF ELEMENTS WITH VAPOR PRESSURES GREA'ER 

!THAN lom1 mm Hg AT THEIR MELTING POINTS 

Element 

K2 

& 

Ca 

Sr 

~a 

Ra 

Zn 

Cd 

sc 

sm 

Eu 

~d 

Yb 

Lu 

P4 (wh) 

c Sb 

C Te 

Cr 

~n 

co 

~i 
- -- 

Melting Point (K)  

336 35 

922 

1122 

1b41 

1002 

973 

692.7 

594*2 

1812 

1345 

10% 

1585 

1097 

1936 

317 

9* 

722 .7 

2130 

1517 

1768 

1726 

Vapor Pressure 

Ref. 7 

2.03 10-1 

2.80 

1.97 

1-91 

7.59 10-1 

2.54 

1.49 10-1 

1.15 lom1 

1.71 10-I 

4,36 

1.12 

189 

3-06 

19.1 

1.61 lo-' 

1-93 lom1 

1.79 lo-' 

7.70 

9.38 lo-' 

1.36 

1.84 

(mm ) 
Ref. 8 

- 
3.10 

1.50 

1.61 

3.94 log1 

- 
1.57 10-1 

1.09 10-1 

8.44 10'~ 

3 -18 

7.15 10-l 

1.56 

19.76 

1.11 log2 
- 

1.56 lo-' 

1.76 10-I 

3-25 

1.03 

5. -9 • lo-3 

3.10 10-3 



TABLE 4 VAPOR PRESSURES OF ELEMENTS WITH VAPOR PRESSURES GREATER 

THAN loo1 mm Hg AT THEIR MELTING POINTS (continued) 

h 

Element 

F2 

C12 

Br2 

At2 

A r  

W 

Er 

H 

HO 

I2 
KI- 

N 

0 

Rn 

an 

Xe 

A s  
. 

Melting Point (K) 

53.5 

172.2 

265 9 

575 

83.8 

1682 

1795 

13.8 

174 3 

386.7 

115.8 

63.1 

54.4 

202.0 

1818 

161.4 

1092.5 
I 

Vapor Pressure (mm ~ g )  
? 

Ref. 7 I 
3.8~ 

10.1 

45.0 

373 

- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 

Ref. 8 

1.89 

10.44 

44.61 

- 
516.88 

5.91 x log1 

3.17 X log1 

52 -78 

5.38 x 10-I 

go. 82 

548.7 

93 86 

1.12 

501.60 

73 .42 

611.80 

2.77 10 
4 



Elemental (Congruent ) 

This section not only introduces terminology and concepts but a lso  

discusses elemental reactions i n  low-g. Figure 11 shows the P-T (pressure- 

temperature) diagram for  an elemental material. Since it i s  compositionally 

invariant there i s  no need for a th i rd  dimension (co;aposition). For binary 

alloys, however, the diagrams are presented as P-T-X (pressure-temperature- 

composition) diagrams. For convenience, these are often shown as  two- 

dimensional P-T projections. 

The solid/liquid l ine  i n  Fig. U. has a positive .slope for  aqy element 

tha t  contracts upon sol id i f icat ion and a negative slope fo r  an element that 

expands upon solidif ication.  I n  t h i s  report we assume an in f in i t e  slope for 

this boundary. This i n  no w&y l imi t s  any of the  discussion or conclusions 

drawn. Since the melt temperature w i l l  be constant with pressure, however, 

it does simplify the notation. 

Isothermal and Isobaric Effects 

I f  the t o t a l  in ternal  pressure ( P ~ )  within a unary l iquid  A i n  one-g 

i s  not substantially greater than i t s  vapor pressure at the t r i p l e  point (P ), QA 
then the  reduction i n  in ternal  pressure ( A P ~ )  associated with going from one-g 

i . . t u  low-g may cause the  l iquid  t o  cavitate . This pressure change i s  shown i n  

Fig. 11. If the liquid/vapor equilibrium l ine  i s  not crossed owing t o  an 
{ 

insufficient  reduction i n  in ternal  pressure on going t o  low-g, there i s  s t i l l  

a poss ibi l i ty  tha t  cavitat ion can occur. In  t l l is  case the reduction i n  in ternal  

i pressure ( p b )  has reduced the temperature increase before the onset of cavita- . . 
t ion  from ATa t o  ATb. This reduced tolerance t o  overheating i n  the low-g 

- ,  

I environment must be taken in to  consideration during processing of a l l  materials 
- .  i n  the weightless s ta te ,  regardless of reaction type. More complex phase 

reactions behave i n  the same fashion and are treated below and w i l l  be treated 

i n  the next memorandum. 

1 I, I somorphous 

I f  an isomorphous sol id  al loy i s  completely homogenized, then i ts  behavior 
on melting will be no different  than the unary system considered previously. 





Material not homogenized because of p r io r  processing w i l l  have a ra7ge of 

liquidus and solidus curves because of the  nonuniform composition. These 

must be t rea ted  i n  a different  manner than homogenized isomorphous alloys. 

Nonhomogeneous Isomorphous Solids ("cored" Strucf7ires) 
-- 

Cored microstructures are compositionally nonhomogeneous. I n  the 

following case i t  i s  assumed tha t  the solute (B) lowers the ' a l loy  melting 

point. I f  the in te rna l  pressure of the kiigh solute content mate2ial i s  not 

sub6tantially above tne  t r i p l e  point of the  solute-rich l iquid ,  t h i s  l iquid  

might cavitate  immediately on melting i n  low-g or  during the superheating 

r-ecessary t o  melt tne  remaining lower solute content sol id.  A P-T prcject ion 

of t h i s  type i s  shown i n  Fig. 12 f o r  an isomorphous al loy v i t h  solute-r-?r  

compositicn A and solute-rich composition B. I n t e r m l  pressure a t  one-g ( P ~ )  

and low-g (P ) , respectively, are shown. A t  P1, the  low melting constituent 
0 

melts a t  TmB. However, t o  m e l t  tine A component, a temperature of T must be mA 
reached. This poses no problem i n  one-g a t  P1 since the en t i r e  system can be 

superneated AT aidve T before cavi ta t ion  occurs. Cavitation i s  unlikely 
1 mA 

because l iqu id  mixing w i l l  occur well  before t n a t  temperature i s  reached, 

and t h i s  degree of superheat w i l l  be experimentally unnece ssarhr . 
A t  2 i n  low-g, the same sequence w i l l  not occur. The B component w i l l  

0 

melt a t  TmB, and t'nis l iqu id  w i l l  cavi ta te  during heating on crossing the G% 

l i n e  ATo below the  melting point of A. I f  the  A component were distr ibuted 

as  a continuous array or network, then the  sample might well "spi t"  or  break 

up as  the  G$ l i n e  i s  crossed. This w i l l  occur without the ne l t ing  of  A or 

the uniform mixing of the  A and B l iquids.  From a foundry s t a n d p o i ~ t  % h i s  i s  

unacceptable. Additional considerations r e l a t e  d i rec t ly  t o  the physical 

propert ies  of the  a l loys  i n  question and the  resul t ing  phase re l a t ions  t h a t  

these propert ies  impose i n  the  pressure and thermal o r b i t a l  environment. 

Figure 13 i l l u s t r a t e s  the three types of P-T projections t h a t  categorize 

a l l  isomorphous binary a l loy  systems. These may be described i n  mathematical 

notation: 



TEMPERATURE (K) -r 

Fig. 12 Pressure-Temperature Diagram for Is~morphous Solid 



a)  Case A ,  Isomorphous 

- 

TaA T(K) T a ~  
* 

b )  Case B, Isomorphous System 

c) Case C, Isomorphous System 

Fig. 13 Isomorphous Pressure-Temperature Projecttons (P-T) for Binary 
Systems A-B. 



Case A - T > TQ, P > P P < P a t  T 
Q Q Q'  Q GL* Q 

CaseB - T > T  P < P  P < P  a t T  
Q Q '  Q Q '  Q GLA Q 

Case C - T~ ' T  Q' Q > P  Q '  * Q > P ~ ~ A  a t  TQ 

Consideration of the isobars P1 t o  P i n  Fig. 13 i s  sufficient t o  
9 

categorize all reaetion poss ib i l i t i e s  within isomorphous systems. As 

indicated previously, the behavior of material on melting depends on the 

initial compositional homogeneity or lack thereof. Assuming the alloy t o  

be i n i t i a l l y  homogeneous, we may t r e a t  it as  an elemental system on melting and 

see that  considc at ions described i n  the Elemental (congruent) section apply 

directly.  I f  the binary al loy i s  inhomogeneous, the general discussion pre- 

sented i n  the Nonhomogeneous Isomorphous Solids ("cored ~ t ruc tu r e s " )  section 

i s  applicable. Reactions of specific in te res t  t o  low-g processing w i l l  be 

presented now. 

Similar temperature-composition diagrams (T-X) are generated from all 

three P-T diagrams at isobars P3, P6, and P 'Fhis can eas i ly  be seen by 
9' 

considering the  sequence of phase reactions on going isobarically from high 

t o  low temperature. These involve only a solid/vapor envelope and w i l l  not 

be discussed ftmther. 

Isobexic sections a t  P P and P w i l l  generate T-X phase diagrams, 
1' 4 7 

which consist of a solid/liquid envelope with an independent liquid/vapor 

envelope at higher temperatures. Both envelopes demonstrate t o t a l  solid 

solubil i ty.  As the pressure i s  lowered from P1, P4, or P7, the vapor/liquid 

envelope approaches the solid/liquid envelope u n t i l  at and below the t r i p l e  

point of the element with the highsr vapor pressure they intersect  and the 

solid/liquid and liquid/vapor two phase reactions are superseded by solid/ 

liquid/vapor three phase equil ibria.  These reactions occur only over !x-essure 

ranges between the t r i p l e  points of the two elements or, i n  the case of a 

cored microstructure, the  t r i p l e  points of the maximum and minirmun solute 

content material. This i s  represented i n  Fig. 13 by pressures P2, Ps , and P8. 



The application of t h i s  consideration t o  r ea l  metallurgical systems depends 

on the interneJ. pressure, composition, and geometry of the materials under 

investigation, but the elements l i s t e d  i n  Table 4 will induce reactions of 

t h i s  type when present i n  a binary isomorphous al loy being processed i n  the 

o rb i ta l  environment. 

One of the interest ing reactions i n  Fig. 13 i s  the isobaric section P 
5 ' 

For this case, we have plotted the temperature-composition (T-X) diagram i n  

F'ig. 14. It i s  unique because cavitation can occur on cooling. Under these 

conditions, a solid w i l l  decompose t o  a stable l lquid on heating, but on 

cooling the l iquid  might decompose by the following reactf on: 

This reaction i s  limited t o  Case B: 

Summarizing t h i s  section on cored microstructures, cavitat ion may be a 

problem on melting e i ther  because of a reduced tolerance t o  superheat brought 

about by lowered in ternal  pressures or because PtV of the system f a l l s  between 

the t r i p l e  points of the binary parent species. I n  the l a t t e r  si tuation,  it 

i s  possible t'nat an apparently stable l iquid  w i l l  cavitate (~q. 8) on cooling, 

but t h i s  only would occur i n  systems meeting the specific compositiodl, pressure, 

and temperature conditions described by the isobaric section P within a system 
5' 

described a s  Case By and i l lus t ra ted  a s  the T-X diagram i n  Fig. 15. 

A monotectic reaction as  shown i n  Table 2 i s  writ ten as: 

A representative T-X isobaric phase diagram i s  shown i n  Fig. 15a. This diagram 

di f fe r s  from the previous isomorphous system i n  that  a region of liquid/liquid 

immiscibility and an invariant three phase ty 4 LII l ine  have been superimposed 

i n  the isobaric section on the  solid/liquid envelope. A monotectic reaction i s  

generally accompanied by solid s t a t e  immiscibility. The presence of a second 



SASE B (FIG. 13) 
6' . 1 

A COMPOSITION (968) B 

Fig. 14 Temperature-Composition Diagram of the Isobaric Section Taken . .  
from Fig. 13 Case B at Pressure P 

5 1 ; - .  



SOLUTE CONTENT (XI -+ 

Temperature-Composition Diagram Showing Only a Monotectic Reaction 
( %  = a+LII)  ?* 

P-T-X View of Immiscible Region (Note Rotation of Coordinates) 

c) F-T Projection of Immiscible Region with Corresponding Critical 
Points (c) and Quadruple Point (H) 

Fig. 15 View of Liquid-Liquid Immiscible Region in Differing 
Coordinate Systems 
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~ c ? l i S  pilase, however, adds considerable complexity t o  the  construction of P-T 

diagrams; therefore, the monotectic react ion i s  introduced here i n  an isomorphous 

sol id  system. Solid s t a t e  immiscibility will be t rea ted  i n  Part 2. 

The P-T projections f o r  a l l  isomorphous a l loys  may be described by the  

folluwing: 

Case A - TBA > Ta, PQA Z PgBs Pw < PG$ a t  T w 
Case B - TTOR> TQBs PW < PQB, PPA< PGLB a t  T 

QP 

Case C - Tw> Tw, PW a t  T 

We must now superimpose the added complexity of the  region of l iquid/ l iquid 

immiscibility ( ~ i g .  15b) on any of the  GLa, three phase equilibrium l i n e s  of 

Fig. 13. This region projec ts  a s  a "sa i l"  and meets the GL a, l i n e  a t  a four 

phase equilibrium point H cal led the  quadruple point (Fig. 15c). The locat ion 

of the  quadruple point and the  pressure and temperature extent of the  s a i l  

vary with each system considered. Figure 16 i l l u s t r a t e s  the superposition 

of the  monotectic s a i l  on the Case B isomorphous conditions and the  three  possible 

r e l a t ive  locat ions of the quadruple point.  We have previously shown t h a t  i n  

isomorphous systems it i s  the  Case B conattion t h a t  y ie lds  unique low-g resu l t s ,  

and so t h i s  condition i s  t rea ted  i n  de ta i l .  It i s  c lear ,  too, t h a t  the c r i t i c a l  

points  C and C can assume di f ferent  posi t ions r e l a t ive  t o  P however, t h i s  
m P w; 

w i l l  be t rea ted  i n  the t e x t  and w i l l  not be separately i l lus t r a t ed .  

Locations of isobaric sections tha t  y ie ld  singular phase react ions a re  

indicated a s  PIO, Pll, PL2 and F 
13 ' Cbher isobaric sections give the  s a m  

r e s u l t s  a s  the  isomorphous cases o r  a simple monotectic react ion which involves 

l i t t l e  o r  no change from Fig, 153. 



The snalyses presented i n  the &othe;EBIB1 and Isobaric Eff- sad the 
Nonhom~geneous Isaaarsrphdus Solids sections are per t imnt  t o  these systems for 

isobaric sections not i n  the region of the mnotectic sail; however, i n  thh 

vicinity of the immiscible projection there are a variety of new phase reactrons t i .: 
t o  consider. 

For all pressures down t o  the c r i t i ca l  point C which marks the lower 
P . 

extremity of the 5 c r i t i ca l  curve, ani below C t o  P i f  P c Pw tha 
P 4B w 4 ,  

only gaseous considerations are the ones treated i n  the sections cited above li, 

(i.e. , thc croaaing of G%I at a temperature below the meltiry( point Ta of the 

solute-poor component). Below t h i s  pressure three phase equilibria be 

considered imrolvillg solid, liquids, and vapor (a,  4, 5,  and G). C&vit.t.im 

mst be considered on heating tdthout superheat (<T ) below the pressure P 
Qlr OA 

If P > P and below PC i f  PC > P 
Q8 CP eB* For Case B, &st of these reactions 

w i l l  be betmen the t r i p l e  points of components A and B. !MB is the same 

consideration that is presented i n  the Isothermal and Isobaric Ef'fects section. 

If P > P M if PW Z P the GL l ine  i s  replaced by 0% %I due to the 
cp W QS 

liquid/liquid inmiscibility . 
Between the t r ip l e  points of the two components, the isobaric T-X diagram 

indicate the dis t inct  possibility of cavitation occurripg on cooling fhm a 
stable liquid, as well as on heating. These singular possibilities are sham 

i n  Mg. 16 as Plo, PUS Pus and P13. A t  PIO, (p10 < PgB < pCp)  decompose^ 

t o  plus G: 

and at PU ( P ~  < pH), 4 decomposes t o  the I&WW products : 

These reactions are shown i n  Figs. 17a and 17b, respectively. 



Case B-Monotectic System with Quadruple Point Between Triple Points 

T (K) 
b )  Case B-Monotectic System with Quadruple Point Below Triple Points 

c) Case B-Monotectlc System with Quadruple Point Above Triple Points 

Fig. 16 Monotectic Pressure-Temperature Projections (P-T) for 
Monotectic Systems (A-B) of the Case B Type 



(a) T-X Diagram at P , ,  of Fig. 16a 

(b) T-X Diagram at P of Fig. 16a 11 

Fig. 1 7  Isobaric Sections Involving Cavitative Reactions on Cooling 
(from - Fig. 16a) 



For Fig. 16b a t  P12 > P ) a complex T-X diagram resul ts  shown (Pw'P12 H 
i n  F'ig. 18a. On cooling, decomposes t o  a plus G (Eq. l o ) ,  which i s  

analogous t o  the cavitative reaction a t  P10 shown i n  F'ig. 17a. I n  other presaure 

ranges the resul ts  are ent i re ly  consistent with discussions i n  the two sections 

cited. , , 

A unique resu l t  occurs i n  the isobaric phase diagram a t  P (pH > Pl$ pa) . 13 
i n  Fig. 16c, as  shown i n  Fig. 18b. Here, 4 decomposes t o  a plus G (Eq. h), - - 1 ' .  

which then decomposes t o  a secondary l iquid  ( L ~ ~ ) ,  which sol id i f ies  as a (Eq. 12): c 

This resu l t  i s  similar t o  a cavitative bubble collapsing af'ter i t s  formation. 

The significance of such a reaction i s  that  even i f  the bubbles ent i re ly  dis-  

appeared (that  i s ,  i f  they created no macroscopic dis tor t ion of the sample) 

they would nave disturbed the heat transfer across the sample during a zortion 

of the processing and on collapse would l ikely  cause high pressure pulses. 

Monotectic equivalents t o  the isomorphous Cases A and C are shown i n  

Figs. lga and b, respectively. Cavitative reactions occur i n  these cases only 

under the special conditions of 'flexing' of the GLw l ine  i n  pressure space. 

Since our main in teres t  i s  i n  determining new sol idi f icat ion structures or  

morphologies result ing from cavitation, these w i l l  be treated,  only a f t e r  

the generalized behavior i s  summarized on the basis  of the Element (congruent) 

and Isomorphous sections and the detailed treatment i s  summarized on the basis  

of Case B of the Isomorphous section. 

Above the maximum c r i t i c a l  points (c,) isobaric sections resul t  i n  T-X 

diagrams that  are isomorphous sections with normal solid/l iquie and gasll iquid 
. . 

envelopes. Below the minimum pressure a t  which an isobaric section in tersects  
. , 

the  quadruple point, the T-X diagrams consist of a simple continuous ~ o l i d / ~ a s ,  t 

! - .  
sublimation/condensation envelope. Between these points the discussion given i n  

the sections ci ted applies. Below the  minimum 4 LiI c r i t i c e l  point C the T-X . ; 
P 

isobaric diagrams all involve the vapor phase i n  three phase solid/liquid/vapor - 
or l i q u i ~ / l i q u i ~ I / v a p o r  reactions, but these are not of sufficient i n t e r e s t  - a 

: ' .  

! . ,  



(a) T-X Diagram at P I 2  of Fig. 16b 

A X B 

(b) T-X Diagram at P,, of Fig. 1 6 ~  

Fig. 18 Isobaric Sections Involving Cavitation (from Figs 16b and 16c) 
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t o  be included here since they are only transient  during sol id i f ica t ion and 

resu l t  i n  a "cored" structure similar t o  a normal isomorphous alloy. 

Maxima or minima i n  the GL a l i n e  (known as  "flexing") a s  i - r lg r  16b 

can resu l t  i n  cavitat ive reacti7ns during sol id i f ica t ion for  both cases shown 

i n  Fig. 19. For Case A shown i n  Fig. lga, an upward "flex" of the l ine  between 

QA and QB wi l l  r esu l t  i n  a T-X diagram similar t o  Fig. 18a.and w i l l  occur i n  a 

pressur2 range between the pressures of P and pH. A dnwnward "flex" where 
QB 

PH drops below P i r .  Fig. 19a w i l l  r e su l t  i n  a T-X similar t o  Fig. 18b. 
&A 

Similar resu l t s  are encountered by "flexing" the Case C GLa l ine  ( ~ i g .  19b) 

upwards and downwards. 

I n  summary, we may say that cavitat ive reactions dwing sol id t f icbt ion 

be anticipated when the  quadruple point H fall; on the GLol l i ne  of Class B 

isomorphous syotems and when the experimental pressure falls between P 6nd PH 
&A 

or PH and P ( i f  P > C ) or  PH and P ( i f  PCp > P ). Otherwise, sp2cia.l 
&R QB P Cp QB 

conditions must be contrived t o  create this eequence of events, such as  the 

"flexing" of three phase l i ne s  i n  pre ssure-temperature sFace. 

Syntectic 

A syntectic reaction is: 

and i s  shown aE a T-X diagram i n  Fig. 20. Projection of t h i s  immiscible volume 

i n  P-.T space i s  almost analogous t c  the "sai l"  i n  Fig. 15c and because of the 

temperature maxima of the miscibil i ty gap, the quadruple point H in tersects  the 

Or y curve a3ove the melting point of both of the constituent species. This i s  

birOWn f o r  isomci-phous Case B i n  Fig. 21a. 

Consideration of the various isobaric sections, P1'P6, indicates tha t  only 

at the pressure range typified by Pq do cavitat ive reactions occur. These 

reactions are  shown i n  Fig. 21b. Liquid I1 decomposes t o  a and a gas, and t h i s  

i s  equivalent t o  Eq. 10. 



T (KI 

a) Monotectic Reaction of Case A Class 

T (KI 

b) Monotectic Projections of Case C Class 

FIE. 19 Pressure-Temperature Projections for ~lonotectic Reactions of 
Case A and c 
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Fig. 20 Syntectic Temperature Composition Diagram (T-X) for the 
System A-B 



- 

- 

T(KI 

a) P-T Projection for Syntectic System A-B 

X (%B) 

b )  Isobaric Section at P =. P, 

Fig. 21 Pressure-Temperature Projection and Isobaric Section at 
P, for a Syntectic System 



Because of the location of the projection of the region of ~ q u i d / l i q u i d  

immiscibility above both T w T ~ '  
the primary considerations, as far as  

cavitation on heating, are those encampassed i n  the superheat considerations 

described previously. The balance of the cavitative reactions occur only on 

superheating. 

'%lexingW the location of the quadruple point once again creates singular 

cavitative reactions on cooling, or cavitation reactions on heating that  might 

occur below the absolute melting point of the highest melting coqmnent of a 

binary alloy, but t h i s  i s  a complexity not predictable from vapor pressure data. 

Only direct experimental evidence would reveal this. 



Even for  the simplest systems of elemental or isostructural  solids, 

the effects  of gravity reduction and concomitant pressure reduction are both 

dramatic and widespread. They should occur i n  numerous systems; they w i l l  

make available new controllable solidif ication reactions t o  the metallurgist; 8 
i 

and they w i l l  r e su l t  i n  morphologies that  can be fabricated only i n  the o rb i t a l  

environment. Tnese are intriguing prospects, but what i s  most dramatic about 

these poss ib i l i t i e s  i s  that  i n  most cases they can be evaluated beforehand with .I 

accuracy. I n  general, new cavitative solidif ication reactions occur i n  systems 

that  meet the following c r i t e r ia :  

TQB> Twy Peg< P and P 
QA QB < 'GL~  

at T 
QP 

There are cautionary aspects of t h i s  work, cs  well. Unplanned and unwanted 

cavitation occurring on superheating or below the melting point of one of the 

constituent elements could be encountered i f  this analysis i s  not taken into  

account i n  planning future low-g experiments. Figure 1 graphically demonstrates 

the macroscopic dis tor t ion tha t  could occur due t o  one of the reactions. I f  this 

occurred during casting or precise masurement of physical properties, the resu l t s  

would be disastrous. This i s  no cause for  despair, however, as  avoidance of 

these reactions i s  readily accomplished. It i s  the implementation of a four-fold 

increase i n  the  number of controllable solidif ication reactions that  should be 

emphasized, and t o  do so must be considered a challenge of the first magnitude. 

Second phase bubble dispersions have been shown t o  be effective i n  retarding 

high temperature creep ( ~ e f .  5) .  Porous s t r u c t u ~ e s  could be created with 

extremely high specific strengths or moduli ( ~ e f .  6 ) .  These controlled arrws 
are theoretically possible and demonstrable i n  model solid/liquiri/vapor systems. 

Other specific usages w i l l  be presented i n  Part 2 on two phase solids. 

The coatrolled array of bubbles, however, i s  ,t the only potential  area 
of implementation. The absence of buoyancy forces i n  orbi t  a lso  makes con- 

t ro l l ed  solidif ication of liquid/liquid arrays feasible both geometrically and 

fron the standpoint af unique morphological combinations of disparate materials. 

Unique electronic, thermal, mechanical, and magnetic materials can be predicted 

and fabricated. 
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APPENDIX 

DERIVATION OF TYE DEPENDENCE OF T H E  HYDROSTATIC PRESSCRE H E A P  
UPON POSITION WITIIIN A 1 , I Q i I I D  S P H E R E  OF MAXI;4rilil R A D I 1 I S  Ro 

A H HEIGHT ABOVE X, Z PLANE 

Ro 
MAXIMUM RADIUS OF THE SPHERE 

R RADIUS TO POINT OF INTEREST FROM 
THE ORIGIN 

h - HEIGHT OF LIQUID ABOVE THE POINT 
OF INTEREST, I N  THE GRAVITATIONAL 
DIRECTION 

P = PROJECTION OF R I N  THE X. Z PLANE 

$ = ANGLE BETWEEN THE Y AXlS AND 
THE RADIUS R 

a - ANGLE BETWEEN THE X AXlS AND 
THE PROJECTION OF R I N  THE X. Z 
PLANE 

* X 

NOTE h IS INDEPENDENT OF a BECAUSE OF THE ROTATIONAL SYMMETRY ABOUT THE Y AXlS 
THE Y AXlS IS PARALLEL TO g. THE GRAVITY VECTOR. 
Rol = P' + (H + h): 

but P = R cos (90" Q l  AND H R sin (90' - Q) 

then Ro2 = R' cos (90' - $1 + (h + R sin [90" - @ I  )' 

h = [ R ~ ~  - R' cos l (90" - $ ) I  % -. R sin (90" - @ )  
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